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ABSTRACT 
This paper shows, for the first time, a MEMS enabled 
photoacoustic system, using a custom MEMS Q-switched 
Nd:YAG laser for generation of photoacoustic (PA) 
waves and a custom-built MEMS thin-film aluminium 
nitride piezoelectric micromachined ultrasound 
transducers for PA wave detection. 
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INTRODUCTION 
Photoacoustic systems are of immense interest in 
the research fields of biomedical imaging and non-
destructive testing applications as they can be used to scan 
through turbid media with improved specificity and 
resolution compared to conventional ultrasound (US) [1], 
[2]. A PA system consists of a pulsed laser and an US 
transducer to excite and detect PA waves, respectively. 
Size-reduction of PA systems using miniaturization of 
both the excitation and detection scheme, e.g. by using 
MEMS, can lead to more cost-effective PA sensing 
systems with improved sensitivity [3] and significantly 
wider application possibility. 
 
During the past decade both electrical and optical 
MEMS based US sensors have become widely available. 
These include, amongst others, capacitive micro-
machined ultrasound transducers (CMUTs), piezoelectric 
micro-machined ultrasound transducers (PMUTs) and 
optically interrogated micro ring resonators (MRRs). 
CMUTs have been reported with centre frequencies of up 
to 29 MHz at 100 % relative bandwidth and offer high 
sensitivity [4], [5]. This is achieved by operating them at 
high bias voltages (of up to 100 V) near or in collapsed 
mode, where the bias voltage is large enough to pull the 
top electrode partially into contact with the bottom 
electrode [6]. This operating mode puts the transducer at 
risk of failure and is problematic in biomedical 
applications due to the high voltage requirement. PMUTs 
use a membrane including a thin-film layer of 
piezoelectric material to detect US by deformation and 
deflection. The use of thin film materials and comparably 
simple manufacturing processes allows for higher degrees 
of flexibility with regards to transducer shapes. PMUTs 
are passive US sensors in that an external bias or supply 
voltage is not required for operation, and they achieve 
centre frequencies of 23.5 MHz with comparably large 
relative bandwidths of ≤ 165 % compared to CMUTs [7], 
[8]. Optical US sensors such as MRRs offer wide 
bandwidths (≥ 350 MHz) and high sensitivity, but suffer 
from higher costs due to optical components being more 
expensive and signal readout-schemes more elaborate [9]–
[11]. 
 
Two types of pulsed laser sources are commonly 
used in PA systems. These are either solid-state Nd:YAG 
lasers producing laser pulses of short pulse widths τ (τ ≤ 
10 ns) and low pulse repetition frequencies (PRF) ≤ 20 
Hz, or high power pulsed laser diodes (PLDs) with higher 
PRF, typically 5 kHz – 10 kHz, making them better suited 
to real-time PA imaging. However, PLDs typically 
produce pulses with longer τ (100 ns ≤ τ ≤ 150 ns) and 
lower pulse energy compared to solid-state lasers [12]. To 
improve the performance of PA systems, shorter laser 
pulse duration combined with higher PRF is still needed. 
We have previously reported a pulsed laser system based 
on a MEMS Q-switched Nd:YAG laser, which generated 
34 ns pulses at 7.9 kHz PRF with 7.9 μJ per pulse [13]. 
This laser performance has the potential to meet the 
requirements of short pulse duration, sufficient energy per 
pulse and fast PRF requirements for real-time PA 
imaging.  
 
This paper reports the utilization of this MEMS 
laser in a PA experiment. The paper also builds on the 
utilization of cost-effective, custom-built, thin-film 
aluminium nitride (AlN) PMUT arrays applied to 
photoacoustic scanning. While previous work used a 10 
Hz PRF commercial Nd:YAG laser as the pulsed light 
source [15], here we use the MEMS laser as excitation 
source. 
 
SYSTEM 
PA system 
The photoacoustic system (see Figure 1) is divided 
into an excitation part and a detection part. The excitation 
part consists of a custom MEMS Q-switched Nd:YAG 
laser using a diode side-pumped Nd:YAG crystal as laser 
gain medium. A cavity is created using a planar output 
coupler (reflectivity R = 80 %) and a 700 µm diameter 
gold-coated wide-angle MEMS scanning mirror (R = 96 
%, radius of curvature of 0.4 m). The scanning mirror is 
actuated using a 180 VPP square wave at 8.43 kHz. The 
mirror is periodically rotating in and out of optical 
alignment with the laser cavity, generating a Q-switched 
laser output with pulse widths of τ = 50 ns and a 
maximum pulse energy of 23.8 µJ at a wavelength of λ = 
1064 nm at each passing through the cavity, resulting in a 
PRF = 8.43 kHz. The laser output is focussed onto a 
photoacoustic imaging target embedded in a gelatine (8% 
m/m) phantom. The target is moved through the laser 
 focal spot (d = 20 µm) using a 3-axis motorised stage 
(MTS50-Z8, Thorlabs). The generated photoacoustic 
wave is detected using a PMUT array. Both the PMUT 
array and the phantom are immersed in an oilbath for 
acoustic coupling. The PMUT output is amplified 
(Voltage Amplifier DHPVA, FEMTO Messtechnik 
GmbH) and recorded using a high-speed DAQ card 
(National Instruments, NI PXIe-5122) at a sampling rate 
of fS = 100 MSa/s. The PXI chassis runs LabVIEW code 
to synchronise the sample positioning and data 
acquisition.  
 
Transducers 
In this paper two types of PMUT arrays are 
presented. Firstly, a single-type array of 8x8 membrane 
elements, each with a diameter of 240 µm and a peak 
frequency measured to be 1.3 MHz (see Figure 2, a). 
Secondly, a multi-type array with four subarrays of 
membrane transducers with diameters of 235 µm, 310 
µm, 395 µm and 500 µm (see Figure 2, b). Their 
respective peak frequencies are measured to be 1.4 MHz, 
0.8 MHz, 0.55 MHz and 0.25 MHz. The subarrays can be 
addressed individually. The arrays were characterised as 
described in [15]. 
The arrays were produced using PiezoMUMPS, a 
cost-efficient multi-user MEMS process offered by 
MEMSCAP Inc, USA. Here, the piezoelectric material, a 
500 nm thin-film (see Figure 3, grey) of AlN, is deposited 
between a layer of Al (1000 nm) and Cr (20 nm) and the 
doped SOI device layer (see Figure 3, red and orange, 
respectively). The former functions as top electrode while 
the latter is used as the bottom electrode. The membranes 
are then backside released from the 400 µm Si handle 
wafer (see Figure 3, purple). 
METHODOLOGY 
Three kinds of target phantoms were scanned using 
the presented system. Firstly, a polyimide coated optical 
fibre with a diameter of 100 µm embedded in a clear 8% 
(m/m) gelatine phantom was scanned using the full chip 
of the single-type and the multi-type arrays at step sizes of 
Δx= 10 µm and Δy= 50 µm, in consecutive runs. This was 
done with a PRF of 8.43 kHz and a pulse energy of E = 
1.27 µJ for the single-type array and a pulse energy of E 
= 1.68 µJ for the multi-type array. At each step an 
averaged (n = 256) signal was recorded using the high-
speed DAQ card. The power spectral density (PSD) was 
calculated using a Hamming window centred on the PA 
time-domain signal. The signal power was then calculated 
by integrating over the PSD in the limits of the PMUT 
array’s bandwidth. 
 
Secondly, a polyimide coated optical fibre embedded 
at a depth of 5 mm in a turbid 8% (m/m) gelatine phantom 
was scanned using the single-type array. The scattering 
property of the phantom was achieved by adding 3 % 
(m/m) milk. The target was scanned using the single-type 
transducer with a laser pulse energy of E = 3.47 µJ and 
sample position step sizes of Δx= 10 µm and Δy= 50 µm. 
The signal power at each step was calculated as explained 
in the paragraph above. 
 
Lastly, two ink-soaked (Drawing Ink: India Ink, 
Jackson’s) suture threads (SILK USP 7/0 0.5, SMI) with a 
diameter of 60 µm diameter arranged in a cross-pattern 
were embedded in a clear gelatine (8 % m/m) phantom. 
The target was scanned using the single-type PMUT array 
at a pulse energy of E = 12.6 µJ and step sizes of Δx= 30 
µm and Δy= 40 µm. The signal power for each pixel was 
calculated as the integral over the PSD. 
 
RESULTS 
The two-axis scan of the polyimide fibre in clear 
gelatine matrix using the single-type PMUT array is 
shown in Figure 4, a. The scanned fibre shows to have 
dimensions of 95 µm in the x- direction and 750 µm in the 
z- direction. This elongation in the z-direction is due to 
the Rayleigh length of the focal spot of the laser, 
increasing the range of z-positions for which similar pulse 
energies are deposited onto the target. The time-domain 
signals are shown for a pixel in the centre of the target and 
for an off-target pixel (see Figure 4, b, blue & red). The 
 
Figure 2: The single-type array (a) consists of 64 
elements with a diameter of 240 µm. The multi-type 
array (b) consists of four sub-arrays of transducers 
with various diameters. 
 
Figure 1: The PA setup consists of a MEMS Q-
switched Nd:YAG laser as excitation source. The 
PMUT array, immersed in an oil bath, detects the 
generated PA waves. 
 
Figure 3: A schematic view of the cross-section of the 
membrane transducers and its various layers. 
 resulting PSDs are shown in Figure 4, c. This shows the 
peak frequency at 1.5 MHz with an SNR of 15. The scan 
of the same target using the combined multi-type array 
shows to have dimensions of 130 µm in the x- direction 
and 500 µm in the z- direction. While the amplitude in the 
time-domain signal is higher compared to the single-type 
array (150 mVPP to 100 mVPP), so is the noise level (see 
Figure 5, b, blue & red), resulting in an overall SNR of 10 
(see Figure 5, c). The main peak is at 2.8 MHz, with side 
peaks at 1.5 MHz and 4 MHz (see Figure 5, c).  
The scan of the polyimide fibre in the turbid gelatine 
phantom shows a diameter of 0.14 mm in the x- direction 
and 1.2 mm in the z- direction (see Figure 6, a). This 
broadening in both directions is caused by the broadening 
of the focal spot due to the higher scattering compared to 
the target scans in clear gelatine. The time-domain signal 
has an amplitude of 200 mVPP (see Figure 6, b). This is a 
larger amplitude than shown in the previous experiments 
and is caused by the higher pulse energy used in this 
experiment. The PSD shows a peak frequency of 1.8 MHz 
with an SNR of 50 (see Figure 6, c). 
 
The scan of the two ink-soaked suture threads shows 
one at a higher intensity than the other (see Figure 7, a). 
This is caused by the former being closer to the focal 
plane than the other, with only data for one focal plane 
collected. Both show a diameter of 250 µm. This increase 
in diameter is caused by the carbon nanoparticles from the 
ink bleeding out into the surrounding matrix during the 
pouring of the top gelatine layer. The circular region of 
higher intensity around the cross-over point of the two 
threads is due to this effect as well. The signal trace of the 
top fibre has an amplitude of 275 mVPP, whereas the 
bottom fibre has an amplitude of 90 mVPP (see Figure 7, b, 
red and blue, respectively). For both traces two peaks, at 
1.2 MHz and at 4.7 MHz can be seen in their respective 
PSDs (see Figure 7, c). Comparing these peaks to the 
noise floor (see Figure 7, c, green) SNRs of 30 and 70 can 
 
Figure 4: The scan of the target (a) using the single-
type transducer array shows the target with 
dimensions of 95µm by 750 µm. The time domain 
trace (b) has an amplitude of 100 mVPP and the PSD 
(c) shows the scan to have an SNR of 15. 
 
Figure 6: The scan of the target embedded in a turbid 
medium (a) using the single-type transducer array 
shows the target with dimensions of 0.14 mm by 1.2 
mm. The time domain trace (b) has an amplitude of 
200 mVPP and the PSD (c) shows the scan to have an 
SNR of 50.
 
Figure 5: The scan of the target (a) using the multi-
type transducer array shows the target with 
dimensions of 130 µm by 500 µm. The time domain 
trace (b) has an amplitude of 150 mVPP and the PSD 
(c) shows the scan to have an SNR of 10. 
 
Figure 7: The scan of two crossed over ink-soaked 
suture threads (a) shows one at a higher intensity 
than the other. This can also be seen in the time-
domain traces (b). Here, the top fibre (blue) has an 
amplitude of 275 mVPP and the bottom fibre (red) has 
an amplitude of 90 mVPP. The PSD (c) shows peaks at 
1.2 MHz and at 4.7 MHz.
 be calculated for the top fibre, for the 1.2 MHz and the 4.7 
MHz peak, respectively. For the bottom fibre the SNR for 
these two peaks is 17 and 12, respectively.  
 
DISCUSSION AND CONCLUSION 
The PSDs of the scans of the first phantom show 
peaks at 1.5 MHz for the single-type array. This alteration 
compared to the 1.3 MHz centre frequency from the 
characterisation was caused by variations in the 
transducer production process, as the PMUT array used in 
the characterisation was not the same chip as the one used 
in the experiments above. The main peak of the scan at 
2.8 MHz using the multi-type array is a superposition of 
the centre frequency of the 235 µm sub-array and higher 
modes from the other sub-arrays. The peak at the centre 
frequency of the 235 µm sub-array of 1.4 MHz is also 
visible.  
 
Scanning a polyimide coated fibre embedded in a 
turbid medium allows for higher pulse energies before 
ablation of the coating as the scattering causes the energy 
to be deposited over a larger area. This resulted in a 3-fold 
increase in SNR compared to clear gelatine. The 
elongation of the scanned image in x- and z-direction 
compared to the clear gelatine scans is also due to the 
increase of the focal spot size and the Rayleigh length 
caused by scattering.  
 
Higher pulse energies were used during the scans of 
the ink-soaked suture threads. This caused higher 
vibrational modes to be induced resulting in peaks at 4.7 
MHz in addition to the 1.2 MHz centre frequency peak.  
 
In this paper, we have shown that PMUT arrays can 
be used in combination with a MEMS Q-switched 
Nd:YAG laser to scan targets in clear and turbid media. A 
future direction of this work is to concentrate on the 
digital signal processing and image processing which is 
needed to generate high quality images from the MEMS 
enabled PA system. 
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